Changes on conventional B-Mode images have been correlated with temperature, aiming to develop a reliable method for non-invasive temperature estimation. The assumption is that temperature variations induce wave propagation changes that modify the backscattered ultrasound signal and these changes have an expression in ultrasonographic images. One of the main effects is the change on the image intensity that is mainly caused by temperature-related changes in backscattered energy (CBE) from tissue inhomogeneities. It is reported that CBE is dependent on medium speed-of-sound and density, behaving in different ways for lipid or aqueous scatterers. In this paper we demonstrate that CBE has an expression on B-mode images recorded from conventional ultrasound scanners. We observed that different regions have positive, negative or undefined correlations with temperature, and that this behavior is due to the dependence of CBE with scatterers type. This differentiated behavior enables the segmentation of different structures inside the same tissue. Our experimental setup consisted in the temperature elevation from 36 to 44 ºC (hyperthermia range) of ex-vivo tissue samples. We considered bovine muscle and porcine muscle and fat. For both samples we observed coherent segmentations of the different structures, pointing for a potential clinical application of the proposed analysis.
INTRODUCTION
The safe and effective application of thermal therapies, such as hyperthermia, would be possible if accurate methods for non-invasive estimation in time and space were available. In the past several technologies were studied for this purpose, being the magnetic resonance imaging (MRI) the one that approximates the required accuracy for clinical application (0.5 ºC in 1cm 3 ) [1] . However, three main disadvantages lead to look for alternative methods, namely: the high-cost of the instrumentation, technical problems related to the impossibility of using magnetosensitive materials, and the difficulty to apply some therapeutic modalities because of the limited space inside the MRI device. Ultrasound appears as an alternative non-ionizing technology that proved to have potential. Several features from the raw backscattered ultrasound signals were studied, such as: temporal [2] and frequency [3] shifts originated by the temperature-dependent speed-of-sound and mean scatterer spacing; and changes on backscattered energy (CBE) from sub-wavelength scatterers, theoretically induced by changes on speed-of-sound [4] [5] [6] . CBE was shown to vary monotonically with temperature, increasing or decreasing, depending on the scatterer type. It was reported that lipid scatterers contribute to an increase on CBE with temperature, while aqueous scatterers to a negative change.
Modifications on B-mode images collected with commercial ultrasound scanners were also pointed to correlate with temperature changes; based on the fact that changes on raw-data propagate along the processing pipeline of the imaging devices and induces changes on the final image. Changes on image texture, captured by features from the gray-level co-occurrence matrix (GLCM) were reported to be monotonic with temperature [7] . Simpler measurements than those from GLCM, based on the average gray-level (AVGL) content also showed linear relations with temperature [8] [9] [10] . The AVGL is a measure of the mean image intensity and thus directly influenced by CBE. Analysing several heating/cooling cycles, we found that AVGL is reproducible. i.e., for different heating and cooling events the AVGL-Temperature relation remains approximately the same. These conclusions were derived from experiments with a bovine tissue sample immersed in a formaldehyde solution and for temperature changes up to 8ºC [9] . Coherent AVGL-Temperature relations were also found when a sample of ex-vivo bovine muscle was heated by non-focused therapeutic ultrasound [11] . From a macroscopic point of view, i.e., for large regions, we found that AVGL increases monotonically with temperature.
In this paper we analyse in a pixel-by-pixel fashion the temperature-dependent change on conventional B-Mode image intensity, in order to find out its relation with the CBE behaviour and its usefulness in discriminating different tissue structures.
MATERIALS AND METHODS

Experimental setup
The experimental setup used is presented in FIGURE 1. The conventional ultrasound images were collected using an ultrasound scanner (SonixMDP, Ultrasonix, British Columbia, Canada) driving a linear transducer working at 10MHz. The temperature was varied from approximately 37ºC to 44ºC (hyperthermia range) by circulating water in a copper pipe. The temperature of the water inside the pipe was controlled by an automatic heating/cooling apparatus (512-2D, Nova Ética, São Paulo, Brasil). The temperature of the tissue was monitored by using a J-type thermocouple connected to a digital multimeter (34972A, Agilent, Santa Clara, CA, USA) that incorporates an automatic cold junction compensation (CJC) multiplexer (34901A, Agilent, Santa Clara, CA, USA). As temperature changes, images and the tissue temperature were recorded. The images were saved by the ultrasound scanner as a video with 30 frames-per-second. During the experiments the videos were saved in an external hard disc, and afterwards transferred to the computer for analysis. The temperature values were stored online in the computer at each 5 seconds by using the multimeter USB connection.
The experiments were carried out with images collected from ex-vivo tissue samples (bovine muscle, and porcine muscle and fat). 
Correlation analysis
The intensity of each pixel along the induced temperature change was accessed as exemplified in FIGURE 2. In order to relate the intensity of each pixel with the temperature, images were extracted from the recorded video, converted to gray-levels and averaged in 5-second epochs. This averaging procedure acts as a temporal low-pass filter eliminating artefacts. After the extraction of the intensity trend for each pixel we correlate them with the measured temperature (FIGURE 2). If the linear correlation coefficient is positive then we mark the corresponding pixel to have an increasing intensity as temperature increase, otherwise a decreasing intensity with temperature.
FIGURE 3.
Original ultrasound images (top row) versus the correlation analysis performed (bottom row) for a bovine muscle sample (first column), porcine muscle sample (second column), and for a porcine fat sample (third column). In the correlation image figures, green pixels indicate regions with positive correlations with temperature, while red regions negative correlations.
RESULTS AND DISCUSSION
We analysed images collected from ex-vivo tissue samples, and accessed how the intensity of each pixel varied with a known temperature change. The results obtained are presented in FIGURE 3 together with the original ultrasound images. We can observe that different regions presented different intensity changes with temperature. There are well-delimitated regions where the pixels intensity increase with temperature (green regions in FIGURE 3 bottom row) and other regions where the intensity vanished as temperature increases. This behaviour is consistent with the CBE behaviour computed from raw radiofrequency signals as reported in [4] [5] [6] 12] ; telling that image processing methods applied directly in conventional ultrasound images could be used to the attainment of noninvasive temperature estimates. These images have the advantage of being obtained with conventional equipments available nowadays for clinical use (no need to build a dedicated device for that). The different behavior observed enables the segmentation of different structures inside the same tissue, opening the way to other applications of the proposed analysis.
Future experiments will face the effects of movements due to the change in speed-of-sound, and the benefits of using movement compensation algorithms in the determination of the temperature intensity behavior for the different image regions.
